When visual sensory information is restricted, we often rely on haptic and auditory information to recognize objects. Here we examined how haptic exploration of familiar objects affects neural processing of subsequently presented sounds of objects. Recent studies indicated that oscillatory responses, in particular in the gamma band (30 -100 Hz), reflect cross-modal processing, but it is not clear which cortical networks are involved. In this high-density EEG study, we measured gamma-band activity (GBA) in humans performing a haptic-toauditory priming paradigm. Haptic stimuli served as primes, and sounds of objects as targets. Haptic and auditory stimuli were either semantically congruent or incongruent, and participants were asked to categorize the objects represented by the sounds. Response times were shorter for semantically congruent compared with semantically incongruent inputs. This haptic-to-auditory priming effect was associated with enhanced total power GBA (250 -350 ms) for semantically congruent inputs and additional effects of semantic congruency on evoked GBA (50 -100 ms). Source reconstruction of total GBA using linear beamforming revealed effects of semantic congruency in the left lateral temporal lobe, possibly reflecting matching of information across modalities. For semantically incongruent inputs, total GBA was enhanced in middle frontal cortices, possibly indicating the processing or detection of conflicting information. Our findings demonstrate that semantic priming by haptic object exploration affects processing of auditory inputs in the lateral temporal lobe and suggest an important role of oscillatory activity for multisensory processing.
Introduction
When grasping an object in the dark, for instance, when searching for the alarm clock at the bedside in the morning, we strongly rely on our tactile and auditory senses. Haptic information is provided via the tactile and proprioceptive sensory systems stimulated by touching objects. The physical features of haptically perceived objects like roughness, hardness, or weight differ substantially from the features of the sounds of objects such as tone, pitch, loudness, and spectral composition Klatzky, 1987, 1993) . Haptic information may thus facilitate auditory object recognition by providing complementary information about the object identity. Several studies reported evidence for cross-modal priming between the visual and the haptic systems (Easton et al., 1997; Reales and Ballesteros, 1999; James et al., 2002 ). On the cortical-level, lateral occipitotemporal areas have been implicated in the conjoint processing of visual and haptic object-related information (Amedi et al., 2001; Peltier et al., 2007) . Moreover, inferior frontal gyrus and insula have been shown to respond to both auditory and haptic object identity (Renier et al., 2009 ). Yet, to our knowledge, it has not been investigated whether haptic information can directly facilitate auditory object recognition.
In animal studies, multisensory interactions between the somatosensory and the auditory system have been observed in the caudal-medial belt area of the auditory cortex in macaque monkeys (Schroeder et al., 2001; Fu et al., 2003) . Additionally, multisensory integration of touch and sound occurs in the caudal-medial belt area, which is in close proximity to primary sensory auditory cortex, as has been found using high-resolution functional magnetic resonance imaging of the macaque monkey (Kayser et al., 2005 (Kayser et al., , 2009 .
Although the presence of multisensory interactions at the single-neuron level in various cortical areas is well established, the underlying neural mechanisms are much less well understood. Within sensory modalities, highly specific patterns of synchronous neural firing may serve as a mechanism for flexible feature integration (Engel et al., 1992 (Engel et al., , 2001 Singer and Gray, 1995) . Moreover, we have recently provided evidence that crossmodal priming due to semantically congruent visual-auditory inputs is reflected by an enhancement of gamma-band activity (GBA; Ͼ 30 Hz) in the middle temporal gyrus (MTG) (Schneider et al., 2008b) . This suggests that synchronized oscillatory activity may constitute a crucial mechanism for cross-modal processing (Kaiser et al., 2005; Lakatos et al., 2007 ; for review, see Senkowski et al., 2008; Kayser et al., 2008; Maier et al., 2008) .
The central goals of the present study were (1) to investigate cross-modal semantic priming between the haptic and the auditory modalities and (2) to examine the modulation of GBA due to semantically congruent and incongruent inputs in these modalities. High-density EEG recordings were obtained from the human scalp, and linear beamforming was applied to estimate the cortical sources reflecting the influence of active haptic object exploration on the recognition of subsequently presented sounds. We predicted that (1) haptic object exploration facilitates auditory object recognition of semantically congruent stimuli, and (2) that this cross-modal priming is reflected in modulations of GBA in areas of multisensory convergence.
Materials and Methods

Participants
Sixteen right-handed volunteers (6 women; age range, 20 -29 years) participated in the study. All participants had normal hearing (hearing loss: Ͻ 30 dB), reported no history of neurological or psychic illness, and were paid for participation. Due to extensive eye movement and muscle artifacts, the data of two participants had to be excluded from the analysis.
Stimuli
Haptic stimuli. Twenty-eight objects of the categories "household" and "leisure" (14 from each category) were selected as haptic stimuli for the present experiment. In addition, 10 haptic stimuli were developed that had not been identified as common objects in a previous pilot study. These meaningless stimuli, termed "non-objects," served as target stimuli in the present study. During the experiment, the objects were placed in a custom-made plastic box (length: 31 cm; width: 51 cm; height: 30 cm). Through an opening at the top of the box (length: 10 cm; width: 35 cm), the experimenter first put the objects-one at a time-into the box. Through an opening in the front (length: 10 cm; width: 35 cm), participants then haptically explored the objects with their right hand (Fig. 1) .
Auditory stimuli. The majority (22 of 28) of auditory stimuli of the two categories household and leisure were taken from a recently published multimodal stimulus set (Schneider et al., 2008a) . Six additional stimuli were taken from an on-line sound database (http://www.freesound.org). All sound files were matched in length (400 ms). The intensity was adjusted across stimuli by equalizing the root mean square power of all sound files. To avoid onset and offset clicking noises, the sound files were filtered, resulting in a 10 ms rise and fall time. Auditory stimuli (22 kHz, 16 bit, mono) were presented to the subjects at 70 dB sound pressure level using Eartone foam-protected air tube earphones (AeroCompany).
Procedure
Learning phase. To avoid learning effects in the experiment, participants had to learn the identity of the haptic and the auditory stimuli in a separate session before the beginning of the experiment. Haptic and auditory object stimuli were presented in two separate blocks, and participants were instructed to name and categorize them. Meaningless haptic stimuli had to be categorized as non-objects. To avoid having participants recognize the haptic objects visually, they were blindfolded with an eye mask. Before and during the haptic exploration phase, auditory white noise was presented via headphones to mask potential acoustic signals of the haptic stimuli, which would provide complementary information about the identity of the object. The presentation of stimuli was repeated until participants could identify and categorize all objects correctly without much effort, which lasted ϳ30 min.
Experimental phase. Each trial comprised a haptic prime (S1) and a subsequent auditory target stimulus (S2), which were either semantically congruent (45%) or semantically incongruent (45%) (Fig. 1) . In 10% of all trials, nonobjects were presented in the haptic modality. The experimenter started the trials after placing the haptic object into the exploration box. Participants were allowed to explore the haptic object (S1) for ϳ2 s after the presentation of an acoustic signal (sinus tone, 650 Hz, 50 ms). During the exploration phase, auditory white noise was presented via the headphones. The end of the exploration phase was marked by a second acoustic signal (50 ms sinus tone). Subsequently, participants were given 1 s to indicate by button press the exploration of a nonobject; no response was required after the presentation of a meaningful object. The purpose of this task was to ensure that participants actively attended and explored the haptic stimuli. Following a delay interval ranging between 1000 and 1400 ms, the auditory target (S2) was presented for 400 ms. The participants' task on the S2 was to decide as quickly and accurately as possible whether the object belonged to the category household or leisure. To indicate their decision, participants had to press a left or right button with their middle and index finger (mapping counterbalanced over participants). To avoid responserelated activity in the stimulus period, participants were instructed to withhold their response until an acoustic signal (50 ms sinus tone) was presented 1000 ms after S2 offset. Importantly, the two tasks on S1 and S2 were independent. Thus, possible priming effects from the haptic object on the processing of the auditory inputs would be implicit. The trial order was individually randomized, presenting each auditory stimulus equally often in combination with a congruent and an incongruent haptic stimulus. Each experimental session consisted of six blocks, each comprising 66 trials. The delivery of the stimuli and the recording of responses were performed using Presentation 9.90 (Neurobehavioral Systems).
To examine whether effects of congruency are specific for multisensory processing or merely reflect amodal (i.e., modality independent) semantic processing, an additional unisensory auditory S1-S2 control experiment was conducted. Similar to the cross-modal main experiment, semantically related and unrelated stimuli were presented as S1 and S2 (for details, see supplemental material, available at www.jneurosci.org as supplemental material).
EEG recordings
High-density EEG recordings were acquired using an active electrode system (EASYCAP) with 124 scalp electrodes mounted into an elastic cap and two additional electro-oculogram channels below the eyes. The data were recorded with a passband of 0.016 -250 Hz and digitized with a sampling rate of 1000 Hz using a BrainAmp amplifier system (BrainProducts). EEG data were recorded against a nose tip reference but were re-referenced to common average before subsequent analysis steps. Analysis of the EEG data was performed using Matlab 7.3.0 (MathWorks), EEGLAB 5.03 (http://www.sccn.ucsd.edu/eeglab) (Delorme and Makeig, 2004) , and FieldTrip (http://www.ru.nl/fcdonders/fieldtrip). For the off-line analysis, the data were bandpass filtered [(0.3-110 Hz for Figure 1 . Schematic representation of the cross-modal priming paradigm. The active exploration of S1 was limited to 2000 ms, as marked by acoustic signals. S2 values were either semantically congruent or incongruent to those of S1. To segregate activity related to the motor response from the activity of interest related to the auditory stimulus, the response of the participants was prompted following a delay of 1000 ms after the presentation of S2.
time-frequency analysis; 0.3-30 Hz for event-related potentials (ERPs)] and downsampled to 250 Hz. Epochs containing nonstereotyped artifacts (e.g., cable movement, swallowing) were removed. An independent component analysis approach was applied to further reduce artifacts such as eyeblinks, horizontal eye movements, or electrocardiographic activity. Independent components representing artifacts were removed from the EEG data by back-projecting all but these components (for details, see Schneider et al., 2008b) . Finally, all trials that still exceeded a threshold of 100 V were rejected automatically. On average, 4.7% (range: 0.3-24.2%) of all trials in each subject were removed by this thresholding procedure.
Data analysis
Analysis of event-related potentials. For the analysis of ERPs, data epochs were extracted (Ϫ300 to 1000 ms, around auditory stimulus onset) and baseline corrected (Ϫ300 to 0 ms). Electrophysiological responses during the haptic exploration interval were not analyzed as the exploration onset varied over trials in the range of several tens of milliseconds. Trials comprising nonobject stimuli were excluded from the data analysis. In a first analysis step, mean global field power (GFP) was computed (Lehmann and Skrandies, 1980) . GFP in response to the auditory object stimulus was compared between semantically congruent (i.e., the same object was presented haptically in S1) and semantically incongruent trials (i.e., a different object was presented haptically in S1). In a subsequent step, ERPs were compared between congruent and incongruent stimuli using point-wise running t tests. A significant difference in conditions was defined, if at least 20 ms of contiguous data (i.e., 5 consecutive sample points at a sample rate of 250 Hz) met an ␣ criterion of 0.01 (for details of this method, see Guthrie and Buchwald, 1991) . Finally, repeatedmeasures ANOVA was performed with the within-design factors congruency (congruent, incongruent), and region (7 regions). Seven regions of interest (ROIs) including 10 channels each were a priori defined as left frontal, middle frontal, right frontal, left temporal, middle central, right temporal, and middle occipital regions. Time windows for this ANOVA were selected according to the peaks in the GFP averaged across both conditions.
Spectral analyses: evoked power. For the calculation of evoked power, a wavelet approach was applied by convolving the data with a complex Morlet wavelet for frequencies from 20 to 100 Hz (step size, 1 Hz). The transformation to the frequency domain was performed on the average of all trials (i.e., the ERP) separately for each experimental condition. Evoked power reflects the phase-locked part of the signal comparable to the ERP, whereby the latter, due to more restricted low-pass filtering, only reflects phase-locked activity Ͻ30 Hz. Additionally, the intertrial coherence (ITC) was calculated by means of averaging the phase of the complex wavelet transform of each single trial. The resulting values range between 0 and 1, indicating randomly distributed phases or perfect phase locking to the stimulus, respectively. To compute the relative signal change of evoked responses, data were normalized with respect to the total power baseline as follows: P(t,f) evoked ϭ 100 ϫ (P(t,f) evoked Ϫ P( f ) evoked-baseline )/P( f ) total-baseline . For evoked activity, grand mean time-frequency representations (TFRs) were computed over all participants to illustrate the relative change of activity to baseline. In line with previous reports on the evoked GBA (Galambos et al., 1981; Tiitinen et al., 1993; Debener et al., 2003; Senkowski et al., 2005; Schadow et al., 2007) , time-frequency windows were selected between 25 and 35 Hz and 50 -100 ms after auditory stimulus onset. The statistical analysis of evoked GBA included one frontocentral ROI, for which effects of the factor congruency (congruent, incongruent) were examined.
Spectral analyses: total power. TFRs were computed using the multitaper method applied to short sliding time windows, which achieves an optimal concentration of spectral energy over the frequency range of interest (Mitra and Pesaran, 1999) . For the high frequencies (20 -100 Hz), the data in each time window were multiplied with a set of orthogonal Slepian tapers. The Fourier transforms of the tapered time windows were then calculated, and the resulting power estimates were averaged across tapers. For the multitaper analysis, a fixed time window (⌬T ϭ 200 ms) and a fixed frequency smoothing (⌬f ϭ Ϯ 10 Hz) was applied, resulting in three tapers being applied to the sliding time window. For the calculation of total power frequency, transformations were performed before averaging on the single-trial level separately for each frequency. Thus, the resulting total power contains signal components both phase locked and non-phase locked to the stimulus. To reveal the relative signal change of total power in the poststimulus compared with the prestimulus interval, the power in the baseline interval (Ϫ300 to Ϫ100 ms before stimulus onset) was first subtracted, and the resulting difference was divided by the baseline interval activity as follows: P(t,f ) corrected ϭ 100 ϫ (P(t,f ) poststimulus Ϫ P( f ) baseline )/P( f ) baseline . Total power activity was calculated for the same seven standard ROIs used in the ERP analysis. For statistical analysis of the total power, a cluster-based randomization test proposed by Maris and Oostenveld (2007) was applied. This test controls the type I error rate in experimental designs involving multiple comparisons (across ROIs and time-frequency points) by clustering adjacent ROIs and time-frequency points exhibiting the same effect. First, a dependent sample t test was calculated between conditions for all ROItime-frequency points. The results of the t test were then thresholded at an ␣ level of p ϭ 0.05. Contiguous ROI-time-frequency points exceeding the threshold were grouped into clusters. Second, each cluster was subjected to a cluster-level test: for a given cluster, the sum of the ROI-timefrequency point t values was used in the cluster-level test statistic. The Monte Carlo estimate of the permutation p value of the cluster was obtained by comparing the cluster-level test statistic to a randomizationnull distribution, assuming no difference between the conditions. This distribution was obtained by 1000 times randomly swapping the conditions in subjects and calculating the maximum cluster-level test statistic. Using 1000 draws, the Monte Carlo p value is an accurate estimate of the true p value. Grand mean time-frequency representations were computed across all participants to illustrate the relative change of activity to baseline across frequencies. For exploratory purposes, effects of semantic congruency were also examined in lower-frequency responses (Ͻ20 Hz; see supplemental material, available at www.jneurosci.org as supplemental material).
Source reconstruction of frequency-specific activity. A linear beamforming approach was applied to reconstruct the cortical sources for the oscillatory GBA (Van Veen et al., 1997; Gross et al., 2001 ). This source reconstruction technique uses an adaptive spatial filter, which passes activity from one specific location of interest with unit gain and maximally suppresses activity from other locations. Since linear beamforming is based on the calculation of the covariance matrix between single channels over trials, this approach is in particular suitable for the analysis of total power. Recent studies have successfully applied linear beamforming for reconstructing the sources of frequency specific activity in magnetoencephalography (Bauer et al., 2006; Hoogenboom et al., 2006; Siegel et al., 2008) and in EEG data (Schneider et al., 2008b) .
For the source reconstructions, a volume conduction model was derived from a Montreal Neurological Institute (http://www.mni.mcgill. ca) template brain, resulting in an anatomically realistic three-shell model. The leadfield matrix was calculated using the boundary element method for each grid point in the brain on a regular 6 mm grid. The source activity at each grid point was estimated by constructing a spatial filter using the leadfield at this point and the cross-spectral density matrix. For each participant and condition, the cross-spectral density matrix was calculated between all 124 scalp EEG channels, and separately for a baseline (Ϫ200 -0 ms, 60 Hz) and a poststimulus (200 -400 ms, 60 Hz) time-frequency interval. The source-level analysis was restricted to the significant time-frequency interval of the scalp-level analysis. Across subjects, a paired t test was performed for the estimated GBA to examine differences between prestimulus and poststimulus activity on auditory stimuli as well as differences between the congruent and the incongruent conditions. The t values were subsequently transformed to z-scores and are reported uncorrected. Results of the source reconstruction analysis are given in Talairach coordinates (Talairach and Tournoux, 1988) .
Methods of the unisensory control experiment. Twenty-two participants (5 male; mean age, 23.08 years; age range, 20 -29 years) were tested in a unisensory auditory S1-S2 priming paradigm. Two sounds of objects (400 ms duration each) were presented either in a congruent condition or in an incongruent condition with a stimulus onset asynchrony of 1000 ms. In the congruent condition, two semantically congruent stimuli (i.e., S1 and S2 derived from the same object and physically identical) were presented. In the incongruent condition, two semantically incongruent stimuli were presented (i.e., S1 and S2 were derived from different objects). All auditory stimuli used in this experiment were taken from a standardized stimulus set described previously (Schneider et al., 2008; www.multimost.com) . The majority (Ͼ 50%) of auditory stimuli overlapped with the auditory stimulus set used in the haptic-to-auditory priming paradigm. Congruent and incongruent stimulus sets were matched by adjusting the mean values in the variables familiarity, identification, and name agreement of each set. The EEG was recorded using 126 channels, and the analysis of total and evoked oscillatory responses was conducted in the same way as done in the haptic-to-auditory priming experiment.
Results
Behavioral data
Analysis of reaction times to the auditory S2 stimuli revealed a cross-modal priming effect as reflected in shorter reaction times for congruent (mean ϭ 452 ms) compared with incongruent stimulus pairs (mean ϭ 486 ms, t (13) ϭ Ϫ5.33, p Ͻ 0.001, SD ϭ 23.53, paired sample t test). Additionally, error rates differed significantly between the congruent (mean ϭ 5.1%) and the incongruent condition (mean ϭ 8.38%, t (13) ϭ Ϫ4.47, p Ͻ 0.001, SD ϭ 2.74, paired sample t test). These findings demonstrate a crossmodal priming effect for semantically congruent haptic and auditory inputs.
Event-related potentials
The analysis of GFP revealed amplitude maxima at 60 and 120 ms, followed by a long-lasting potential between 200 and 1000 ms (Fig. 2) . Based on the GFP data, three time windows were selected for the further analyses: 60 -80, 120 -170, and 200 -400 ms. To avoid alterations due to auditory stimulus offset and preparatory motor responses, the statistical analysis of the ERPs was restricted to the interval between 0 and 400 ms following sound onset. The ERPs in response to auditory stimuli are shown in Figure 3 for all seven ROIs, revealing a centrally distributed N1 (ϳ100 ms) and a P2 (ϳ200 ms) component.
In the 60 -80 ms time window, the ANOVA with factors congruency and region revealed only an effect of the factor region (F (1,13) ϭ 14.6, p Ͻ 0.001), but no significant main effect of congruency (F (1,13) ϭ 0.66, p ϭ 0.43) and no interaction (F (6,78) ϭ 1.43, p ϭ 0.22).
In the 120 -170 ms time window, the ANOVA with factors congruency and region revealed a significant main effect of region (F (1,13) ϭ 3.81, p Ͻ 0.01) and a significant congruency ϫ region interaction (F (6,78) ϭ 3.24, p Ͻ 0.01). Follow-up ANOVAs were performed to test the effects of semantic congruency at each of seven ROIs separately. A significant effect of congruency was found at the left frontal ROI (F (1,13) ϭ 6.86, p Ͻ 0.05). A significant effect was also observed at the left temporal ROI (F (1,13) ϭ 4.72, p Ͻ 0.05) and a trend toward significance at the right temporal ROI (F (1,13) ϭ 3.15, p ϭ 0.09), with both temporal ROIs showing a larger negativity for the incongruent condition.
In the 200 -400 ms time window, significant main effects of congruency (F (1,13) ϭ 31.98, p Ͻ 0.001) and region (F (1,13) ϭ 4.34, p Ͻ 0.001), and a significant congruency ϫ region interaction (F (6,78) ϭ 8.56, p ϭ 0.001) were found. In follow-up ANOVAs for the ROIs separately, a significant effect of congruency was found at the middle frontal ROI (F (1,13) ϭ 8.78, p Ͻ 0.05), the middle central ROI (F (1,13) ϭ 27.93, p Ͻ 0.001), the left temporal ROI (F (1,13) ϭ 5.62, p Ͻ 0.05), and the right temporal ROI (F (1,13) ϭ 26.94, p Ͻ 0.001) due to larger negative deflections in the incongruent compared with the congruent condition. The topographical distribution of the ERPs in the two time windows between 120 and 170 ms and 200 -400 ms are depicted in Figure 4 . Figure 5 shows the time-frequency representation of evoked frontocentral activity following the auditory stimulus. A peak between 50 and 100 ms is present, showing a maximum at frontocentral sensors at a frequency of ϳ25-35 Hz. The repeatedmeasures ANOVA for the frontocentral ROI, which was selected ad hoc based on previous reports, revealed enhanced frontocentral GBA for congruent compared with incongruent trials (F (1,13) ϭ 5.67, p Ͻ 0.05). An exploratory investigation of other ROIs, which have been tested in the above-described analysis of ERPs, did not reveal any other significant effects. Thus, the effect of semantic congruency on the evoked GBA is restricted to frontocentral sensors.
Frequency-specific power changes Evoked power
Analysis of the intertrial coherence (Fig. 6 ) in the respective time-frequency window of the evoked GBA effect revealed significant frontocentral differences between the congruent and the incongruent conditions (F (1,13) ϭ 5.23, p Ͻ 0.05), showing stronger phase resetting for the congruent compared with the incongruent condition.
Total power
The time-frequency representations of total power showed a clear increase in GBA for a frequency range of 60 -70 Hz in the 200 -400 ms time window (Fig. 7) . A randomization approach correcting for multiple comparisons was applied to access significance between conditions. The randomization routine identified a significant cluster at the frontocentral and middle central . Gamma power in this time window was enhanced for the congruent compared with the incongruent condition. For this specific time-frequency window, the source reconstruction using linear beamforming was applied. Analysis of the intertrial coherence (Fig. 6 ) in the respective time-frequency window (60 -70 Hz, 250 -350 ms) revealed no significant difference between the congruent and the incongruent condition, indicating that the congruency effect observed in total power is mainly due to a power change in the non-phase-locked part of the GBA. The exploratory analysis of lower-frequency band responses revealed a significantly stronger power suppression (8) (9) (10) (11) (12) (13) (14) (15) (16) at the middle central and middle frontal ROIs for congruent compared with incongruent trials (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). In the unisensory auditory control experiment, no significant differences between congruent and incongruent trials were observed in the total GBA (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). A repeated-measures ANOVA comprising the within-subject factor congruency (congruent, incongruent) and the between-subject factor experiment (multisensory, unisensory) revealed a significant interaction between the two factors (F (1,34) ϭ 7.601, p Ͻ 0.01, partial 2 ϭ 0.183; see supplemental material, available at www.jneurosci.org as supplemental material), showing that the effect of congruency on total GBA is specific to the cross-modal priming experiment. 
Source analysis of frequency-specific activity
The source reconstruction for total GBA to the auditory S2 in congruent trials (Fig. 8a) revealed an increase of activity in the right paracentral lobule [Brodmann's area (BA) 6; coordinates in mm, peak: 3/Ϫ30/69; z ϭ 3.99)] and in the left superior temporal gyrus/superior temporal sulcus (STG/STS) (BA 22; peak: Ϫ57/Ϫ52/11; z ϭ 3.63). In the incongruent condition (Fig. 8b) , an increase in GBA was found in the right superior frontal gyrus (BA 8; peak: 9/51/43; z ϭ 3.46). Importantly, the direct comparison between the two conditions (Fig. 8c) revealed significant differences in left MTG (BA 21; peak: Ϫ61/ Ϫ40/Ϫ10; z ϭ 2.32) and right middle frontal gyrus (BA 6; peak: 38/5/56; z ϭ Ϫ2.74). The left middle temporal responses in the gamma band were enhanced in the congruent compared with the incongruent condition; whereas, the right middle frontal gyrus GBA was stronger in the incongruent compared with the congruent condition.
Discussion
We have characterized the modulation of oscillatory neuronal activity during auditory object categorization influenced by haptic sensory information in a crossmodal priming paradigm. On the behavioral level, cross-modal priming was reflected in shorter reaction times and lower error rates for congruent compared with incongruent haptic-auditory stimulus pairs. On the physiological level, we found a significant GBA modulation in areas of multisensory convergence to semantically congruent compared with incongruent inputs, which extends recent findings demonstrating an increase of GBA associated with visual-auditory crossmodal semantic priming (Schneider et al., 2008b) . In addition, short-and long-latency effects of semantic congruency were also identified in the ERPs, possibly reflecting multiple stages of cross-modal semantic matching and contextual integration.
Event-related potentials
In the present experiment, the earliest congruency effect in the ERPs associated with semantic matching between the haptic and the auditory information was observed between 120 and 170 ms. This effect is likely to reflect an early crossmodal matching process, as signs of multisensory integration have been reported with similar latency in recent studies using naturalistic stimuli (Senkowski et al., 2007a; Stekelenburg and Vroomen, 2007) . This suggests that cross-modal matching can occur rapidly in the auditory processing stream.
The late effects in the 200 to 400 ms time window are in close agreement with our previous findings of a negative-going difference wave (250 -350 ms) with a central posterior distribution for incongruent compared with congruent stimulation (Schneider et al., 2008b) . We interpret this effect to reflect contextual integration processes triggered by deviations from the semantic context. In accordance with the present findings, ERP effects starting 200 ms after stimulus onset were also observed in cross-modal semantic priming experiments using visually presented words and environmental sounds (Orgs et al., 2006) as well as acoustically and visually presented words (Holcomb and Anderson, 1993; Holcomb et al., 2005) , interpreted as N400. The N400 component is hypothesized to reflect "contextual integration" (Brown and Hagoort, 1993; Kutas and Federmeier, 2000) as it is increased in amplitude in case target stimuli are semantically unrelated to the local context. Importantly, in the present study it becomes evident that semantically incongruent inputs to the haptic and the auditory modality are reflected in a long-lasting N400 effect. We conclude that this ERP effect reflects higher cognitive operations, such as semantic context integration, which are probably elicited independent of modality.
Frequency-specific power changes
Two distinct effects of cross-modal semantic priming were observed in GBA. First, frontocentral evoked GBA was enhanced for semantically congruent compared with incongruent haptic-auditory stimulation at a short latency (50 -100 ms; 25-35 Hz). Second, total power activity in the gamma band (60 -70 Hz) was modulated by semantic congruency at a later time window (250 -350 ms).
Short-latency evoked power effects
Simple auditory stimuli have been shown to generate an early evoked response (15-150 ms) in the low gamma band in the human temporal cortex, as observed by intracranial recordings (Edwards et al., 2005) . Experiments using multisensory, audiovisual stimulation have revealed that the evoked gamma-band response in the EEG is modulated by multiple factors including selective attention (Senkowski et al., 2005) and relative stimulus onset timing (Senkowski et al., 2007b) . The early evoked enhancement of GBA to semantically congruent stimuli in our study may reflect a match between the expected and the actual stimulus. This interpretation accords well with the memory match and utilization model (Herrmann et al., 2004) , which posits that early evoked GBA is increased during a match between stimulus-related bottom-up information and working-memory top-down information.
The findings of early evoked GBA modulations seem to somewhat contradict our recent findings on implicit visual-toauditory object priming (Schneider et al., 2008b) and explicit visual-to-auditory object matching (Senkowski et al., 2009 ), revealing no effects on early evoked GBA. The differences in results may be related to the following distinct features of the present study: (1) participants were explicitly familiarized with the stimuli in an extensive learning phase; (2) the number of repetitions of each individual stimulus was higher potentially producing more constrained expectations; and (3) haptic in contrast to visual prime stimuli have been used. Future studies will have to elucidate which factors produce modulation of early evoked GBA in cross-modal processing. Moreover, since the comparison of priming effects on evoked GBA between the multisensory and the unisensory priming experiments did not reveal significant differences, it remains to be investigated under which conditions those effects may be specific to unisensory or multisensory processing.
Source estimations of magnetoencephalography recordings have suggested that the early evoked gamma response to auditory stimuli is partly generated in primary auditory areas (Pantev et al., 1991) . The frontocentral topography of the early evoked GBA in the EEG is compatible with this result, as it could be explained by two tangential dipoles in or near superior temporal cortex. Thus, the modulation of evoked GBA may reflect a match between the expected and the actual stimulus in early sensory areas, which also accords with the observation made in a study on monkeys that somatosensory inputs can influence oscillatory gamma responses in primary auditory cortex (Lakatos et al., 2007) . This study suggests that the cross-modal priming effect observed here might be linked to a phase reset of oscillatory activity in the gamma band. Comparably, a recent study reported an influence of attention on oscillatory phase reset in primary auditory and visual cortices (Lakatos et al., 2009 ).
Long-latency total power effects Total power GBA was enhanced in response to semantically congruent cross-modal information between the haptic and the auditory systems. This activity may reflect semantic matching processes that are particularly associated with cross-modal priming. The absence of such effects in the unisensory auditory priming experiment supports this assumption. Furthermore, in our previous investigations enhanced total power GBA was indicative of implicit (Schneider et al., 2008b) and explicit (Senkowski et al., 2009) semantic matching between the visual and the auditory modalities.
Long-latency (Ͼ 200 ms) activity in the gamma band has been frequently associated with memory processes (Gruber and Mül-ler, 2005) . According to the match and utilization model (Herrmann et al., 2004) , longer-latency non-phase-locked GBA may be a signature of a utilization process as, for example, the selection of an appropriate behavioral response. Recently, coherent oscillatory activity has been proposed as a functional mechanism for multisensory processing (Maier et al., 2008; Senkowski et al., 2008) . According to this view, cross-modal matching processes could be reflected in enhanced oscillatory neural activity, as observed in response to semantically congruent inputs through different sensory modalities.
The results of the source analysis revealed that oscillatory activity in left STG/STS and middle temporal gyrus (BA 21/22) is associated with cross-modal semantic priming. Interestingly, in our previous investigation neighboring and partly overlapping areas (BA 21/20) were likewise activated by semantically congruent stimulation in visual-to-auditory priming (Schneider et al., 2008b) . In accordance with these findings, the STS was suggested to serve as a multisensory convergence area for auditory and somatosensory inputs (Foxe et al., 2002) . Most importantly, the lateral temporal cortex, including STG/STS and MTG, has been repeatedly identified as an area of multisensory convergence during semantically congruent stimulation (Doehrmann and Naumer, 2008) . Together, our data provide further evidence that the lateral temporal cortex plays a functional role in multisensory object processing and that oscillatory responses in the gamma band are linked to cross-modal semantic matching in these structures.
Additionally, enhanced GABA was found in the present study for semantically incongruent haptic-auditory stimulation in medial frontal cortex (MFC). During processing of incongruent auditory-visual stimuli, stronger activations were observed in MFC and the anterior cingulate cortex (Taylor et al., 2006; Noppeney et al., 2008) . These areas have been implicated in the detection of conflicts between simultaneously active representations of stimuli as well as error processing and cognitive control (Botvinick et al., 2004; Ridderinkhof et al., 2004) .
Finally, an exploratory analysis of lower-frequency band responses revealed a stronger poststimulus power decrease in the ␣ and lower ␤ band range (8 -16 Hz) for congruent compared with incongruent trials. Such decreases in low-frequency bands accompanying power enhancements in the gamma band have been observed in numerous studies on sensory processing and on attentional modulation of stimulus saliency (e.g., Bauer et al., 2006; Siegel et al., 2007 Siegel et al., , 2008 Engel and Fries, 2010) , suggesting that the same pattern of power shifts from the low-to high-frequency band activity also occurs in cross-modal semantic priming.
Conclusion
Our study provides evidence that haptic object exploration facilitates the recognition of meaningful auditory stimuli in hapticto-auditory priming of objects. The physiological data suggest that semantically matching haptic and auditory signals are integrated in a network of unisensory and multisensory regions. The matching operations performed by this network seem to be reflected in the spatiotemporal dynamics of processing at multiple stages. The observed enhancement of the early evoked GBA (50 -100 ms) possibly reflects the modulation of auditory stimulus processing by haptic inputs at early stages of information processing. Cross-modal matching processes were reflected in changes of total GBA (250 -350 ms). The effect in total GBA was localized to distinct regions located in the lateral temporal lobe, which are known to be involved in multisensory semantic processing. The findings on GBA were complemented by crossmodal priming effects in the ERPs. Thus, our data suggest the operation of a cortical network in which coherent oscillatory signals may serve as a mechanism for the integration of sensory inputs across modalities.
